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Abstract

Gallium selenide (GaSe), a IlI—VI semiconducting layered material from the metal
monochalcogenide (MMC) family, has demonstrated tremendous potential in the fields of
optoelectronics, nonlinear optics, and tera hertz radiation with its many intriguing properties.
Currently, various theoretical and experimental research on GaSe has shown a number of
unique characteristics as the bulk GaSe crystals have been systematically reduced to mono or
few layers. The bandgap tunability of the GaSe crystal has also been anticipated theoretically
by varying the number of layers or by applying mechanical strain. Ultrathin flakes of GaSe can
be produced from bulk GaSe crystal by using the mechanical exfoliation method and the
exfoliated flakes possess a very good crystallinity and few defects. Therefore, exfoliated GaSe
nanoflakes based field effect transistors (FETs) and photodetectors exhibit excellent electrical
and optical performance, revealing its great potential to advance the development of electronic
and optoelectronic devices.

In the initial part of the proposed thesis work, we explored the high-temperature robustness of
the GaSe-based metal-semiconductor-metal (MSM) photodetector. Due to the direct bandgap
nature of GaSe flakes in their few or multilayer forms, GaSe-based devices were found to show
excellent photoresponse. Although, several reports were available on the performance of these
GaSe-based devices at room temperature, their high-temperature behaviour was unknown.
Hence, we took a mechanically exfoliated GaSe nanosheet and fabricated an MSM
photodetector to conduct a comparative study of the performance of a GaSe-based device at
both room and high temperatures. The photoresponsivity, detectivity and external quantum
efficiency were measured to be 2.6 A/W, 1.0x10' Jones and 850% respectively at room
temperature. The photodetector maintained its photoresponse and thermal stability up to a high
temperature of 120 °C, giving out a high photoresponsivity of 4.5 A/W.

Optimizing the performance of nanostructured optoelectronic devices requires a careful
consideration of the thickness-dependent optical and optoelectronic properties. GaSe flakes
shows a color variation depending on their thicknesses and that can be utilized in sampling
GaSe flakes with different thicknesses. It is observed that multilayered GaSe flakes show
degradation in their optical and optoelectronic properties when reduced down to thinner layers.
The thinner GaSe layers are prone to environmental degradation because of the surface
oxidation, which is responsible for the poor performance of the thinner GaSe layer-based
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photodetectors. Although several studies on the study of multilayered GaSe flakes with random
thicknesses are separately available, a comprehensive analysis of the behaviour of GaSe flakes
with varying thickness is still lacking. Consequently, we carried out a systematic investigation
of the thickness-dependent optical and optoelectronic properties of mechanically exfoliated

GaSe ultrathin films.

2D/3D heterojunctions between 2D layered materials and typical 3D materials such as Si,
Gaz0s3, or SiC have shown enormous promise for large-scale practical applications such as
photodetectors and highly efficient solar cells. Until now, the majority of reported 2D/3D p-n
heterojunction-based photodetectors were limited to the combination of Si and graphene, or
with transition metal dichalcogenides (TMDCs) such as MoSz, and only a few by the
combination of graphene and GaN. There are hardly any reports available on p-n
heterojunctions based on 3D Si or Ga203 and 2D MMC:s like InSe and GaSe.

We have made a vertical GaSe/Si p-n heterojunction by directly transferring the GaSe flake
onto the Si substrate via mechanical exfoliation. One contact is taken from the top layer of
GaSe flake and the other contact is taken from the bottom layer of Si substrate, thereby making
an arrangement for current transport through a vertical channel. This vertical structure
effectively reduces the transport channel length and probability of recombination. Hence, the
net carrier collection efficiency gets enhanced. The GaSe/Si heterostructure device shows an
excellent performance with a high photoresponsivity, specific detectivity, and EQE value of
~2.8% 103 A/W, 6.2x10'2 Jones, and 6011, respectively, at a biasing of —5V. In addition, a
strong photoresponse of 6 A/W, obtained at zero bias, shows that the heterojunction device can
operate without any external power. These results indicate that the self-biased GaSe/Si
heterostructure device has a great potential in the field of photodetection.

In the last part of the thesis work, a detailed investigation has been done on the GaSe/Ga203-
based vertical heterojunction. Kelvin probe force microscopy (KPFM) measurements at the
hetero-interface provides the surface potential difference between Ga203 and GaSe, which is
used to calculate the conduction band offset value. Based on the derived value of conduction
band offset, energy band diagrams are drawn for the GaSe/Ga203 heterojunction. With the help
of these band diagrams, the current transport mechanism and the photoresponse properties of
the GaSe/Ga20s heterojunction device are explained.
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GIN

AferaH YRS (GaSe) TH 111-VI eATehIoH daReG A § S Aed AFlbadoHEs
(MMC) TRaR @ B, 3R 358 f3esiof o & iy sifdigaiacied, srfd aifpey, 3k
RIS fafdur & &7 H 9 JUTaT fams &t § 1 add H, GaSe W fafld Sgifad sk
U 2NY A eb GaSe fohed &1 Riedifiesd U I 0 91§ g1 7ad & HH $x
g1 URI B! T=HT B IEAdHR 1 JifAe -1 A [aRehd ©0 4 Ht Gase fored &
&I B Faaq &) JUTEAT Ht ot | FifEE ITHIS! @ geb Gase fheea ¥ T4 & 3red ufrat
I T g 3R 371 uRydl § 9gd o e ferdn oik oo av 81d ¢ | 3afa, dfFer gy
JUTT TIRER (FETs) SR Blelfseder e & 79 & 3reg i a1 izt iR siifiped
TERH AMER §, R 98 saaei-e 3R g SUdHvl & fawr & 3afd &
3A¥R TR Hd g

TTiad R & SR & URMNG U 8, g0 T & SeIRa rg-sreferd-arg (MSM)
HICfECaeR DI I AYAM RRAT HI ST a1l T & $S a1 TgaR Ul § e
S Upfd & BRI, T & MR T3 H P Blemiade UefRid gidr 8| gidife, os
RO Iuasy A o 37 719 & SHTUTRT 31 & UERH &) HHEH IaHH | [T I8 3, 396
3 AU SdgR & aR 8 IHSR! et | UMY, 80 T gife 9 3 T & 3fed
Uit 1 form SR T MSM BieifSeaex S/ dlfdh Th 119 & STUTRT 39 & UaRH &
JATHS AT B HHEY R I AU GH1 H HR I | Biemfare, feefaefadt ik
et el el &Y $H AUHM WR 2.6 AW, 1 x 102 Jones, 3iR 850% HHT: HIUT T |
HIefSeaex A 3T BTG 3R dTuHT e fRRAT BI 120 °C I ST IdT, o 394
4.5 AIW T 3 Bieyfaure fear|

FIRRd SfPigaaeHd J31 & UGR B TR 6 & 1T HieTs-3emid sifPwd 3R
TPIZAaCI T[UN &1 Al T o7 B AHTaAHT Bl ¢ | T P aRidt U= A &
YR TR T & NEHTa B! fG@rd! § 3R 3 fafie diersal & W1y 79 o H§ SxadTd far
ST Febd B | T8 31N 71 § & P3-=Ruflg Gase Uit 3ot 3iifpewd iR SHipigaiaci-e
i §f fiRTae feardt € 5ia 3= udet aERl | oW fordT SITdT 8| Udel GaSe TaR WRdl &
AR & HRU FAfRUT RTGe &1 AR Bt §, S Ude Gase AR SemRa
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WicfecaeR! & TR UG & oy oHHeR | T &8 SR S(eh-3e Hisal &
Y Hs-aRUTT GaSe URKI & 3709 o oY I §, AT S-S Hergdl & A1y
GaSe URTAl & agR &1 fademr aiv fagarsm sift +ft sueis 8 | 3afem, g9 difies w0
Y 1Y 31eT URR BT HicTs- R SiPwd 3R igadag! e Ul & A=y & Th
Rredfes S 31|

2D/3D faw-TfY GRT 2D TOREG I 3R URURS 3D AERR S Si, Gax0; AT SiC &
d9 T A BT IUA Wiciigcaex 3R 3 & UR Id o oS ATUC Sl & SuNT &
fore 52 a1 &1 UexA fHur |1 3@ T, 2D/3D p-n TfY 3R wiefSeacs) o ifdepiwr
fod fafiee o SR A%A, a1 MoS, S URURG UIdfa=amd a1 cioive Hed
SIEHABIOHIZSY (TMDCs) & TaioH TR gt Wfd 2, 3R $3 g1 o I 3R GaN &
TS TR A1 3D Si AT Gaz03 3R 2D MMCs S InSe 3R GaSe & TdoH W U p-n I
& IR T TTHT D5 NUIE IUas g1 5|

g difde ¥ q 1 WRd B W FART #Rb T aidhd GaSe/Si p-n Y §15 B
T Rd & TP JUSD DI T8 TR & Y R I 3R TR U6 &1 9 TR & - 3 forar
2, ore afdea 9 e & Aer ¥ 4T URag & o ogawT 99118 TS & | I8 afddd TRaH!
ORTE I7d Bt TS B O BT 8 3R GASHA DI GHIGAT BT HH Rl ¢ | JAMI,
GaSe/Si Uf¥r 47 Ts I Wicmiaurg, fafkiy feefaefact, ok EQE HaeH deg wefkia
FRATE, Ol fh T —5 Vv & FEARITH ~2.8 x 103 AW, 6.2 x 102 Jones, 3R 6011, THHT:
S| 3T SETT, Y 9199 W U 6 A/W &1 Hoigd biemfadre, a8 fearar § fo o3 IfYy
fomT foplt ar <fad & 9 vt g1 3 uRomd 39 fe@d & fos w@-1Rkd Gasersi |y 43
PIeSeaR & &7 A ga! UG I@dT 8l

R & 3ifcd U H, 1 Gase/Ga:0; WR 3MeIRd aféwha Wi R faxgd sremaq fHar ]
T 3R Gax03 P T BeRI-3eh Y IR Hied Wd I HISHIRBIUT (KPFM) AU fahT T
g, S Gax03 3R GaSe & olT TG 3R & & YIS GRS 3R Bl U d g,
TR HSaRM §S STHIT Yed &1 UM B TS | ST HSaRH o8 ThIe Je & YR
IR, GaSe/Ga:03 §eXISIaRM & fIE SHoil 88 fod I T § | 3 o' fofl &1 g ¥, GaSe/
Gax03 BRI T3 & YRT URAe AADT 3R BIcIU™IG 0N &1 SIRSAT 1 T8 |
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Figure 6.6

Schematic energy band diagram at the GaSe/Ga,0; p-n
heterojunction. (a) Energy band diagram of GaSe and Ga,O5 in
isolated condition. (b-d) Band alignment at the GaSe/Ga,04
heterojunction interface under different applied biases: (b) zero bias,
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